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Abstract 



We investigate the collective response function and the energy-weighted sums m/. 
for isovector mode in hot nuclei. The approach is based on the collisional kinetic theory 
and takes into consideration the temperature and the relaxation effects. Taking into 
account a connection between the isovector sound mode and the corresponding surface 
vibrations we have established the A-dependence of the enhancement factor for the 
isovector sum rule in a good agreement with experimental data. We have shown that 
the enhancement factor for the "model independent" sum ttt-i is only slightly sensitive 
to the temperature change. 
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^ : 1 Introduction 
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Many features of nuclei are sensitive to nuclear heating. The nuclear heating influences 

strongly the particle distribution near the Fermi surface and reduces the Fermi-surface dis- 
tortion effects on the nuclear collective dynamics [1] . Moreover, the heating of the nucleus 
provides the transition from the rare- to frequent interparticle collision regime. One can 
expect that the zero-sound excitation modes which exist in cold nuclei will be transformed 
to the first-sound ones in hot nuclei. Knowledge of the nuclear collective dynamics in hot 
nuclei allows one to understand a number of interesting phenomena, e.g., the temperature 
dependence of the basic characteristics of isovector giant dipole resonance (IVGDR). 
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A good first orientation in a description of the collective dynamics in hot nuclei is given 
by a study of the response function and the energy weighted sums in a nuclear matter 
within the kinetic theory [2]. The nuclear matter exhibits the properties of a Fermi liquid 
[3] and its description within the kinetic theory requires the use of an effective nucleon- 
nucleon interaction like Skyrme forces, Landau interaction, etc. We apply the Landau's 
kinetic theory to the evaluation of the response function and the energy-weighted sums in a 
two-component nuclear Fermi liquid. Both the temperature and the relaxation phenomena 
are taken into account. 

2 Response function within the kinetic theory 

To derive the energy- weighted sums for the isovector excitations, we will consider the density- 
density response of two-component nuclear matter to the following external field 

U ext (t) = \ e-^ + ^ t q + \* e^-^q *, (1) 

A A 

where Ao is the small amplitude, q is the one-body operator q = J2 oi^ji^j) = J2 ij&~ %q ' rj 
and £j is the isotopic index. The response density- density function xi u ) is given by [I] 

^M-v^r^^'' (2) 

where the particle density variation Sp(r,t) is due to the external field U ext {t) of Eq. ([T]). 

A small isovector variation of the distribution function 5f = 6f n — 5f p can be evaluated 
using the linearized collisional Landau- Vlasov equation with a collision term treated within 
the relaxation time approximation [5] 



JU/ + v ■ V?8f - V r - (SU self + 5U ext ) ■ V?f eq = -^Sf 
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where v = p/m* is the velocity, r^ is the relaxation time and 5U ext = U ext , n — U exttP . The 
notations I = 1 and / > 2 mean that the perturbation of Sf\i = i and 5f\i>2 i n the collision 
integral includes only Fermi surface distortions with a multipolarity / = 1 and / > 2 in order 
to conserve the particle number in the collision processes jH]. 

The variation of the isovector selfconsistent mean field 5U se if can be expressed in terms 
of the Landau's interaction amplitude Vi nt (p,p') as [3] 

5U self = j^J JL^ Vint {p,i?)8f{rJ;t), (4) 

where N(T) is thermally averaged density of states. The interaction amplitude v int (p,p') is 
parameterized in terms of the Landau constants F{ as 

<x> 

Vint (p, 0) = ^2 F l Pi (P-P'), P = P/P- (5) 

1=0 



The solution of Eq. ([3]) can be found in the form of a plane wave 

6f(r,p; t) = ~^v u &) ^"~ wt \ (6) 

where df eq / de p is a sharply peaked function at p — pp. In case of the longitudinal excitation 
modes, the Fermi-surface distortion function v u ,q(p) depends only on the angle 9 between p 
and q and can be expanded in Legendre polynomials as 

oo 

^,q(P) =^2 P l ( COS e Pl) U l (?) > ( 7 ) 

1=0 

Performing transformations in the same manner as in [6], one can come to the following 
set of equations for the amplitudes Vi(p): 

OO p, 
l'=0 

= z(2/ + l)jv (p)- [S l0 - Q l0 (z)\ - i(2l + l)rrf"i(p)Qio(z). (8) 

Here, r] = 1 — r 2 /ri, v\ is the averaged amplitude 

1 f gdp df eq (s p ) 

and 

1 / P t (x) x P v {x) 1 w 

2 J z — x T 2 qv qv 
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For simplicity we will assume: F( =0 ^ 0, F( =1 ^ 0, F' i>2 = 0. Finally we obtain the 
density-density response function x{ u i 0) f° r a given momentum transfer q in the following 
form 

X (u J ,q)=2N(T) X ^f (10) 

1 + ^0 Xin (W, 9) 

where f in (a;, g) is the internal response function which depends on the temperature and the 
relaxation time. The explicit form of x in (u, q) for T = and no relaxation is given in Ref. 

For finite nuclei, the boundary condition can be taken as a condition for the balance of 
the forces on the free nuclear surface: n ■ F\$ + n ■ F$ = 0, where n is the unit vector in 
the normal direction to the nuclear surface S, the internal force F is associated with the 
isovector sound wave and Fs is the isovector surface tension force. Both forces n ■ F\$ and 



n ■ Fs can be represented in terms of isovector shift of the nuclear surface and the boundary 
condition takes the final form of the following secular equation [6] 



— -C S ym Peg ~7;pF + ^pF 



2 

X z 



ji{x) + 



Peg 



2 4 
PF + -- 

x 3 qr (1 + k NM/ 



Q 



ay in 



3A X ) 



0. (11) 



Here p eq = (p eq , n + Pe q , P ) /2, x = qR, Q sym is the effective isovector surface stiffness [7], and 
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Pf = 2 £fP ^i + F {/3 
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3 Energy-weighted sums and transport coefficients 

The presence of the nonlocal interaction in Eq. ( TTTJT) gives rise to some important conse- 
quences for the properties of the energy- weighted sums (EWS) rrik{q) for isovector mode. 
Let us introduce the strength function per unit volume S(u, q) = Inrx(a>, q)/ n. The energy 
weighted sums are defined by 



m k{q) = / d(fku) (hijj) S(u,q). 
o 



(12) 



In the case of cold nucleus T = and no relaxation n, Ti — > oo, we recover well-known 
results [8] 
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where p eq is the equilibrium particle density, C sym is the isospin symmetry energy, Ep is 
the Fermi energy and ml = m*/(l + F{/3) is the effective mass for isovector mode, m* = 
m (1 + Fi/3). The renormalized symmetry energy C' sym in Eq. (fl3l) is given by C' sym = 
Csym + 8 e^/15 where the last term is due to the Fermi surface distortion effect [9]. 

In contrast to the isoscalar mode, the isovector EWS m\ (q) of Eq. (fT3"]) is model 
dependent. As can be seen from Eq. ( 113ft . the sum m[ (q) includes the enhancement factor 
for infinite nuclear matter 1 + knm = (m/m*)(l + F{/3), which depends on the nonlocal 
interaction constant F[ ^ 0. 



4 Results and Discussions 



In this work we have adopted the value of r = 1.2 fm and the effective nucleon mass m* 
was taken as m* = 0.9m which corresponds to the Landau parameter Fi = —0.3. For the 
isovector interaction parameter Fq we have used F^ = 1.41 to keep a reasonable value of 
isospin symmetry energy C sym of the order of 60 MeV. The interaction parameter F[ can be 
estimated by considering the enhancement factor in the isovector EWS. 



The relaxation time r^ in Eq. ([3]) is frequency and temperature dependent. We will 
assume the following form of r k = hak/[T 2 + (hw/2ii) ] [5]. The parameter a fc depends on 
the iViV-scattering cross sections. We will adopt «2 = 5.4 MeV, which corresponds to the 
in-medium iViV-scattering cross sections. 

Following Ref. [5], we derive the photoabsorption cross section a a b s {ui) in terms of the 
strength function S(u,q) as follows 

. Aix 2 e 2 NZ 

(Tabs M = — — ub {uj, q) . (14) 

cq 2 p eq A 

In the case of the velocity independent iViV-interaction, the cross section a a bs(u) is 
normalized by the ordinary Thomas- Reiche-Kuhn sum rule pU] (see m\ (q) in Eq. (TT3l) for 
&nm = 0) 
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2ir 2 he 2 NZ r 
= — for T = 0, kmm = 0, and ti,t 2 — >-oo. (15) 

mc A 

Taking into account the velocity dependence of the iViV-interaction with F% ^ and 
F^ ^ 0, we note that both the enhancement factor Knm 7^ in m\ (q) of Eq. ffTHl) and 
the corresponding correction at the last term of the boundary condition affect the sum rule 
( TT5"|) . For k nm ^ 0, we obtain the following result [B] 

oo 

™>i = / d(hJ) cr ahs (uj) 
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2vr 2 ne 2 fd(A)\ 2 NZ, 

= 7-rr — t-{ 1 + k nm) for T = 0, k nm > 0, and ri,r 2 ->oo, (16) 
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where qo{A) and q[{A) are the lowest roots of the boundary condition equation (1111) for 
Knm = and k^m ^ 0, respectively. 

Fig. [1] shows the dependence of the enhancement factor rh\ I rh^ TRK = 1 + n(A) on 

the mass number A for two interaction parameters F[ in comparison to the experimental 
data from Refs. [TTj [i~2] . We see that the enhancement factor for the IVGDR sum rule is 
A-dependent. This A-dependence is due to the boundary condition. Our estimate of the 
enhancement factor k(A) is about 10% for light nuclei and increases to 20% for heavy nuclei. 
We point out that about of 5% of the EWS enhancement is caused by the dependence of the 
effective nucleon-nucleon interaction on the nucleon velocity in the isoscalar channel (dashed 
curve in Fig. []]). The value of interaction parameters F[ can be obtained from a fit of the 
evaluated enhancement factor k(A) to the experimental data. In this work we have used 
F[ = 1.1. 
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Fig. 1: Dependence of the enhancement factor 1 + k(A) for IVGDR on the mass number 
A. The result of calculation was obtained for the Landau's amplitude F\ = —0.3, F[ = 1.1 
(solid curve) and F\ = —0.3, F[ = (dashed curve). The points are the experimental data 
of the Livermore group from [UJ. Two points noted by symbol "*" were obtained by the 
inclusion of the contribution from the (7,2?) cross section [T2] . 



Performing the numerical calculations of the response function xi^-, l) (HOI) - one can eval- 
uate the strength function S(u,q) and the energy-weighted sums rrik{q) for T 7^ and in 
presence of relaxation. The strength function S(u>, q) is sensitive to the interaction param- 
eters and to the relaxation properties. Because of Fq > 0, the IVGDR strength function 
contains both the sound mode contribution at s > 1 and the Landau damping region at 
s < 1. This is illustrated in Fig. [21 

The presence of the Landau damping in the IVGDR S(u>, q) is well seen in Fig. [5] for the 
zero-sound regime lort-i >> 1 (dashed line) as a wide bump on the left side of the narrow 
sound peak. For high temperature (solid line in Fig. [2]), the sound peak becomes wider due 
to the decrease of the relaxation time (collisional relaxation), and due to the collisionless 
thermal Landau damping which increases with T. As can be seen from Fig. [21 overlapping of 
both the sound peak and the Landau damping bump leads to the asymmetry of the IVGDR 
resonance at high temperatures. 

We have studied the temperature behaviour of the "model independent" EWS m\{q) 
and the enhancement factor m\(q) / fh\ trk- For non-zero temperatures and in presence 
of the relaxation, the energy- weighted sum mi(q) has been evaluated using the definition 
( TT2|) and the response function x{ u >q) from Eq. (TTUj) . In Fig. El we have plotted the ra- 
tio rni(q)/ fh 1 ^ rKK (q) as a function of temperature T. We can see from Fig. [3] that the 
enhancement factor is only slightly sensitive to the temperature variation. 
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Fig. 2: Strength function S(u,q) for Fi = -0.3, F[ = 1.1, 77 = 2/3, A = 208. Solid line for 
T = 5 MeV, a 2 = 5.4 MeV and dashed line for T = 0.5 MeV, a 2 = 100 MeV. 





1.5 


a - 


1.4 






^ 


1 a 


DC 




H 


1 ? 


' 







1 1 


*E 


1 


^s^ 


i 


ct 


0.9 


1 — 




E 


0.8 



0.7 



T (MeV) 



Fig. 3: Temperature dependence of the "model independent" EWS m\{q) normalized to the 
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value ""4 >x RK from Eq. (15). The calculations performed for the nucleus A = 208 using 
«2 — 5.4 MeV, i] = 1 and i*\ = —0.3. Solid line for F[ = 1.1 and dashed line for F[ = 0. 



5 Summary and Conclusions 

Starting from the collisional kinetic equation ([3]), we have derived the strength function and 
the energy-weighted sums nrik for the isovector excitations in the heated nuclear matter and 
the finite nuclei. An important ingredient of our consideration is the inclusion of the velocity 
dependent iViV-interaction for both the isovector and the isoscalar channel simultaneously 
providing the isoscalar effective mass m* / m < 1 and the enhancement factor 1 + k(A) > 1 
for the isovector "model independent" sum mi. Our consideration is valid for arbitrary 
collision parameter a:& and can be used, particularly, for the transition region from the zero 
sound (collisional) regime to the first sound (hydrodynamic) regime. 

We have adopted a simple Fermi liquid drop model with two essential features: 

(i) The linearized kinetic equation is applied to the nuclear interior, where the relatively 
small oscillations of the particle density take place; 

(ii) The dynamics in the surface layer of the nucleus is described by means of the macro- 
scopic boundary condition which is taken as a condition for the balance of the forces 
on the free nuclear surface. 

This model provides a satisfactory description of the A-dependence of the enhancement 
factor of the IVGDR sum rule, see Fig. [TJ Moreover, the value of interaction parameters 
F[ pd 1.1 was derived from a fit of the evaluated enhancement factor in Fig. [T] to the 
experimental data. 

The main goal of present paper is the calculations of the strength function S(u>, q) and 
the energy- weighted sums mk{q) for finite temperatures T > and in presence of relaxation 
processes. We have shown that the Landau damping effect occurs in the isovector S(u>, q) 
at low temperatures as a wide bump on the left side of the narrow sound peak (see Fig. 
12]). For high temperature, the overlapping of both the sound peak and the Landau damping 
bump leads to the asymmetry of the IVGDR resonance. The isovector EWS shows only 
minor temperature dependence. In particular, the "model independent" EWS mi(g) and the 
corresponding enhancement factor m\(q) / mj trk(?) are practically constant in the interval 
of temperature T = -f- 5 MeV, see Fig. El 
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